Extracellular adenosine (Ado), a metabolite of adenosine triphosphate (ATP), has been shown to function as an intercellular signaling molecule by interacting with specific P1 receptors.
with 40% chloroacetaldehyde for fluorescence derivatization as described previously. 17) The derivatized compounds were analyzed with an HPLC system consisting of an intelligent HPLC pump (Jasco 880-PU, Japan), a fluorescence detector (Jasco FP-920, Japan), and an integrator (Jasco 820-IT, Japan), using a column of a Hitachi gel No. 3013-N (5 mm) as an anion exchanger. 18) Determination of Adenine Compounds in Extracellular Fluid of PC12 Cells PC12 cells (approximately 2ϫ10 6 cells) were cultured on 35-mm Petri dishes. Three days after seeding, the culture-conditioned medium was removed and the cells were washed twice with PBS. PC12 cells were incubated with 1.5 ml of adenine compound 100 mM in Locke's solution at 37°C. After appropriate intervals, the extracellular fluid (100 ml) was removed and mixed with 100 ml of 2 M perchloric acid. After centrifugation at 10000ϫg for 4 min, the supernatant (100 ml) was added to 50 ml of 2 M KCl. The neutralized mixture was then centrifuged at 10000ϫg for 5 min. To 50 ml of the mixture 50 ml of 0.1 M HEPES (pH 7.0) and 10 ml of 40% chloroacetaldehyde were added. The derivatized compounds were analyzed with the HPLC system described above. 17, 18) Statistical Analysis All data are expressed as meanϮ S.E.M. Statistical evaluation of the data was performed using Student's t-test. p values Ͻ0.05 were considered to be significant.
RESULTS

Enhancement of Cellular ATP Levels by Extracellular
Ado, Adenine Nucleotides, and Other Nucleosides The addition of Ado (100 mM) to the incubation medium significantly enhanced the individual cellular levels of ATP, ADP, and AMP by about 2.5-fold (Table 1) . No significant change in cellular ATP levels was observed when the same concentration of ATP, ADP, or AMP was added to the medium (Table 1 ). Combined addition of ATP and reactive blue 2, an antagonist of P2 receptors, 2) to the incubation medium had no significant effect on cellular ATP levels (data not shown). The addition of inosine (100 mM) to the incubation medium also significantly increased both cellular ATP levels and total cellular levels of adenine nucleotides by about 2.4-fold (Table 1) . However, guanosine, cytosine, thymidine, and uridine had no effects on the cellular ATP levels in PC12 cells.
After incubation of PC12 cells with Ado 100 mM in Locke's solution, the cellular ATP levels increased significantly with the incubation time and reached a maximum level after 2 h of incubation, as shown in Fig. 1 . The maximum levels evoked by Ado were maintained for at least 5 h under the experimental conditions employed. The increase in cellular ATP levels induced by Ado was dose dependent (Fig.  2) .
Effects of Ado Receptor Agonists and Theophylline on Cellular ATP Levels in PC12 Cells CCPA, an A1 receptor agonist, CGS 21680 and NECA, A2a and nonselective A2 receptor agonists, and CHA, an A3 receptor agonist, 1, 2) had no significant effect on the cellular ATP levels in PC12 cells (Table 2 ). In addition, these Ado receptor agonists showed no effect on the cellular ATP level enhanced by Ado, even when simultaneously added to PC12 cells (data not shown). Theophylline, a nonspecific antagonist of P1 receptors, 1,2) also had no effect on the basal cellular ATP level or on the Adoevoked ATP level in PC12 cells when theophylline was added simultaneously with Ado 100 mM in the medium, as shown in Table 3 . 
Effects of Dipyridamole, Coformycin, and 5-Iodotubercidin on Cellular ATP Levels in PC12 Cells
The addition of dipyridamole, an inhibitor of Ado uptake, 19) or coformycin, an inhibitor of Ado deaminase, 20) slightly but significantly increased cellular ATP levels in PC12 cells. When coincubated with Ado 100 mM, the cellular ATP levels was further enhanced as compared with the levels induced by Ado alone (Table 4 ). The addition of 5Ј-iodotubercidin, an inhibitor of Ado kinase, 21) enhanced the basal cellular ATP levels by approximately 25%, but had no effect on the Adoevoked ATP level (Table 5) .
Effect of Ado on Cellular ATP Levels in Glucose-Free Locke's Solution Cellular ATP levels in PC12 cells incubated in glucose-free Locke's solution (GFL) were approximately 40% of the values obtained from cells incubated in Locke's solution containing the usual level of glucose, as shown in Table 6 . When Ado 100 mM was added to PC12 cells, cellular ATP levels were significantly enhanced by about 5.4-fold and the levels were approximately 87% of those obtained from cells treated with the same concentration of Ado in Locke's solution.
Metabolism of Extracellular Ado and ATP by PC12
Cells Finally, the fate of extracellular Ado and ATP was examined. Extracellular Ado disappeared rapidly from the incubation medium (Fig. 3A) . The disappearance of Ado from the medium was partially blocked by dipyridamole, an inhibitor of Ado uptake, 19) or coformycin, an inhibitor of Ado deaminase 20) (Fig. 3A) . The contents of inosine and hypoxanthine increased as the level of Ado in the medium decreased (data not shown).
Extracellular ATP was rapidly hydrolyzed to AMP (Fig.  3B) . The total amount of ADP and AMP recovered from the extracellular fluid after 1-h incubation was approximately 80% of the ATP levels initially added to PC12 cells. Under the conditions employed, only a trace amount of Ado was detected in the extracellular fluid of PC12 cells. The degradation of extracellular ATP to AMP was blocked by reactive blue 2, an inhibitor of ecto-ATPases, 2) in the range of 5 to 50 mM (data not shown). When the mixture of Ado and ATP was added to PC12 cells, the degradation profiles of both adenine compounds were almost the same as their individual profiles shown in Fig. 3A and 3B, respectively. DISCUSSION Cellular ATP levels are generally controlled by metabolic balances between ATP-generating processes due to glycolytic and oxidative metabolism and ATP-consuming processes. During the metabolism of various substrates such as glucose, fatty acids, and amino acids, ATP is produced within the cells. When PC12 cells were incubated in Locke's solution containing glucose as the sole nutrient, the cellular contents of adenine compounds, especially ATP, increased slightly with incubation time, and was more markedly enhanced by the addition of Ado in a time-and dose-dependent manner, but not by the addition of adenine nucleotides (Table 1, Figs.  1, 2) . PC12 cells are known to possess both P1 and P2 receptors that are highly sensitive to Ado and ATP, respectively. [4] [5] [6] [7] [8] [9] [10] [11] Among the subtypes of P1 receptors, PC12 cells have been shown to possess the A2a and A2b but not A1 or A3 Ado receptors on the basis of studies using the radioligand binding technique, 22, 23) elevation of cAMP accumulation, 24, 25) and reverse-transcriptase polymerase chain reaction. 6, [23] [24] [25] In PC12 cells, the nonselective A1/A2 agonist NECA was reported to result in greater accumulation of cAMP than did the A2a-selective agonist CGS 21680. 1, 2) Neither NECA nor CGS 21680 enhanced the ATP level to the same degree as Ado (Table 2 ). In addition, as expected, the A1 receptor agonist CCPA and A3 receptor agonist CHA had no effect on cellular ATP levels. Theophylline is known to function not only as a nonselective Ado receptor antagonist of A1 and A2 but not A3, but also as a cyclic nucleotide phosphodiesterase inhibitor, 2) although theophylline did not inhibit the cellular ATP level enhanced by Ado. Together, these results suggest that the cellular cAMP/protein kinase A-mediated pathway through the activation of P1 and P2 receptors 1, 2) is not involved in the Ado-evoked ATP level augmentation in PC12 cells.
The influx and efflux of Ado across the cell membrane are known to depend on a bidirectional equilibrative nucleoside transport mechanism.
26) The nucleoside transporters are primarily classified into the sodium-dependent and sodium-independent types. PC12 cells have been shown to possess two sodium-independent nucleoside transporters 27) ; one is sensitive to nitrobenzylthioinosine (NBMPR) or dipyridamole, and the other is resistant to NBMPR. Endogenous Ado generated during the incubation of PC12 cells with dipyridamole or deoxycoformycin, an inhibitor of Ado deaminase, is reported to stimulate cellular cAMP accumulation in the cells. 4, 28) These findings suggest that endogenous Ado may influence the cellular levels of ATP, a precursor of cAMP. Slight enhancement of cellular ATP levels by the single addition of either dipyridamole or coformycin (Table 4) appears to be due to the effect of Ado accumulated by an inhibition of bidirectional flux or degradation of Ado endogenously generated by the cells. Further stimulation of the Ado-enhanced ATP level by dipyridamole or coformycin (Table 4) suggests that higher levels of Ado in extracellular fluid (Fig.  3A) might be a critical factor in the continued enhancement of cellular ATP levels. In the presence of these inhibitors, Ado in the extracellular fluid might gradually enter PC12 cells via sodium-dependent and NBMPR-resistant nucleoside transporters and simple diffusion. Further investigation is needed to elucidate the precise transport mechanism of Ado in PC12 cells.
PC12 cells are known to obtain some 60-70% of their energy from glucose metabolism. [29] [30] [31] In agreement with these values, about 60% of cellular ATP was generated from glucose as the sole nutrient under our experimental conditions (Table 6 ). When Ado was added to PC12 cells incubated with glucose-free medium, cellular ATP levels were increased to approximately 87% of the ATP levels evoked by Ado in the presence of glucose ( Table 6 ), suggesting that Ado and its metabolites may serve as substrates for the ATPgenerating system in the cells. In general, cellular adenine nucleotides are known to be synthesized de novo or via at least two representative salvage pathways. 21, 32) Ado kinase is believed to be a key enzyme for the salvage pathway to convert Ado into AMP in the presence of cellular ATP. Iodotubercidin, an inhibitor of Ado kinase, 21) only slightly inhibited the Ado-enhancing activity ( Table 5 ), indicating that Ado kinase in PC12 cells was not the main contributor to the salvage pathway of adenine nucleotides. Hypoxanthine-guanine phosphoribosyltransferase (HGPT) is the other key enzyme for salvage synthesis of adenine nucleotides from inosine monophosphate, and uses Ado and inosine as precursors of the substrates. 32) The fact that inosine, a deaminated product of Ado, as well as Ado stimulated cellular ATP production (Table 1) suggests that HGPT in PC12 cells may be involved in the augmentation of the cellular ATP level evoked by Ado or inosine. In contrast, guanosine, cytosine, thymidine, and uridine do not appear to be appropriate substrates of HGPT for the synthesis of adenine nucleotides (Table 1) . Further studies are needed to elucidate this mechanism.
In general, ATP released from various cells including neuronal cells is degraded to Ado as an end-product of adenine compounds by enzymes located on cell surfaces or in interstitial fluids. 3, 13, 14) Meanwhile, Ado released from cells including normal cells, necrotic cells, or apoptotic cells might act not only as an intercellular signaling molecule in paracrine/autocrine fashion but also as a substrate for the salvage pathway of intracellular adenine nucleotides. Our results demonstrated for the first time that the enhancement of cellular ATP levels by extracellular Ado is mediated by the salvage pathway of adenine nucleotides but not by the P1 receptor-mediated signaling pathway in PC12 cells.
